ABSTRACT The crosstalk suppression of multichannel coupled drivelines is studied for high-performance integration of micro-electro-mechanical system arrays. By using traditional drivelines, for example, microstrip lines, the distance between adjacent drivelines should be large enough to reduce the multichannel coupling effects. As a result, the size and the area of ultra-low crosstalk and closed-packaged driveline become an issue for design. To address it, we proposed a new scheme of multichannel spoof surface plasmon polaritons (SSPP)-based drivelines. The new drivelines consist of multiple parallel planar corrugated metallic strips. Thanks to the strong field confinement and localization characteristics of the SSPPs, the coupling effects between drivelines in different channels can be significantly suppressed with no need of any other coupling suppression circuits. For demonstration and investigation, both simulation and measurement are carried out up to 20 GHz. The results show that the crosstalk by using the proposed new drivelines can be reduced by about 10 dB on average. Therefore, the SSPP-based multichannel drivelines would be a good candidate for large-scale advanced integrated devices and systems with requirements of both miniaturization and coupling suppression.
I. INTRODUCTION
The Micro-electro-mechanical system (MEMS) was proposed in the 1970s for the application of pressure/temperature sensors, accelerometers, gas chromatographs, as well as highfrequency switches and phase shifters [1] . Due to the requirement of small size for the MEMS, the room for drivelines is rather limited, and thus significant coupling effect appears between the drivelines and the signal lines, especially in the high-power applications. To avoid a mistaken switch-on led by the high average voltage of radio frequency (RF) signals, a threshold value for the drive-voltage is designed to be as
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high as 60 V [2] , [3] , which leads to high requirements in the mutual coupling suppression. Moreover, the strong mutual coupling between the adjacent drivelines induces a maloperation of the adjacent MEMS and thus shortens the life of adjacent MEMS switches. More importantly, if the driveline is placed around an active chip, which is driven by a low voltage, the active chip will suffer from huge damages and malfunctions. In the traditional coupling suppression scheme, a lot of extra areas and spaces has to be reserved for transmission lines to suppress the high frequency multichannel signals, leading to a tradeoff between miniaturization and coupling suppression. Thus, the aforementioned contradictory is a research hotspot and has not been reported.
Surface plasmon polariton (SPP) exists in nature at optical frequencies on the interface between one material with positive permittivity (e.g., dielectrics or vacuum) and another with negative permittivity (e.g. metals in this frequency regime) [4] . Due to permittivity discontinuity at the boundary, surface charges are deduced and surface waves propagate along the interface whist and decay exponentially in the transverse plane. Surface plasmon polariton possesses significant field enhancement and confinement, which are highly treasured in the development of compact communication devices and integrated systems. Unfortunately, natural SPPs vanish below infrared frequency as metals behave like perfect electric conductors (PEC) at low frequency [5] .
Recently, a metamaterial approach of spoof surface plasmon polaritons (SSPPs) has been widely investigated at THz and microwave regimes [6] - [14] because it inherits the unique properties of optical SPPs, such as the significant field confinement and enhancement to overcome the diffraction limit. Therefore, corrugated metallic structures are engineered to reduce the plasmonic frequencies of metals to low frequencies. SSPPs also reserve advantages such as high confinement, low loss, and controllable dispersion properties [13] - [16] . It is demonstrated that double-strip SSPP-based transmission lines (TLs) can be tightly packed with deepsubwavelength separation to address the challenge of broadband signal integrity in modern integrated circuits. However, most driveline signals are pulsed, which have broadband spectra. Thus, for the MEMS applications, the suppression of mutual coupling should have a broadband behavior rather than only designed for specific working frequencies as [16] .
In this work, we propose a new effective scheme of multichannel SSPPs-based TLs realized by multiple parallel planar corrugated metallic strips, to inhibit the mutual coupling effect between the multichannel drivelines in MEMS. Numerical and experimental results demonstrate that the mutual coupling effect between two SSPP-based TLs can be significant reduced without any other coupling suppression circuits, due to the strong field confinement and localization of the SSPPs. This indicates that the SSPP-based multichannel drivelines for MEMS arrays can be compatible with miniaturization and coupling suppression simultaneously in large-scale advanced integrated circuits and systems.
II. RESULTS

A. THE REQUEST OF THE RF MEMS PHASE SHIFTER ARRAY
The MEMS phase shifter constructed by MEMS switch array has the features of small insertion loss and low power consumption. It is necessary to construct a radiation-directionalreconfigurable antenna array with a series of MEMS phase shifter, which plays an important role in modern communication and radar systems. In an antenna array, the distance between adjacent phase shifters is about half of the wavelength of the center operation frequency, and a 3-bit MEMS phase shifter needs to include more than 3 MEMS switches.
This implies that more than 3 drivelines should be included in an array in this near-half-wavelength space.
For time-sharing work communication system, system designers often want to increase the transmission power for a better communication coverage, which, however, introduces higher requirements for MEMS phase shifter arrays. In addition to the demand for the development of reliable high power MEMS switches for phase shifters, another important challenge is that the resulting crosstalk in MEMS switch drive line produces more serious problems: in order to avoid the selfpull phenomenon in MEMS switches when high-power signals are transmitted, high power MEMS switches with high driving voltage matching are required. Thus, MEMS phase shifter arrays contain many high power MEMS switches as well as a large number of corresponding high-voltage drive lines. In a compact communication system, these highvoltage drive lines have to be in line with conventional lowvoltage signal lines with high density arrangement. These low-voltage signal lines mostly transmit low-voltage power supply signals / control signals, and are often connected to active devices that are vulnerable to short time high voltages. As such, the voltage jump on the high-voltage drive line will cause two technical risks that cannot be ignored: (1) A high coupling voltage may be generated on adjacent low-voltage signal lines, resulting in damages in the lowvoltage resistance active devices or causing fluctuations in power supply / control signals; (2) A high coupling voltage can be generated on the high-voltage drive lines of adjacent MEMS switches, which may cause incorrect operation of those MEMS switches connected to the disturbed drive line, and may shorten the life cycle of those disturbed MEMS switches. Hence, in those systems, providing enough isolation between TLs is a very important issue. It is noteworthy that the difference between driveline systems and traditional signal systems is the signal voltage level. In order to drive MEMS switches, the operation voltage is over the 100 V. Hence, in order to avoid the breakdown of dielectric substrates (200 V each millimeter for Rogers RT 5880 used in this paper), it is necessary to optimize the thickness of the dielectric substrate. Here, we chose the thickest dielectric substrate type (the Rogers RT 5880 with a 1.575 mm-thick dielectric substrate). Moreover, for the MEMS array case, the distance between adjacent drivelines should be larger than 3 mm, because the voltage difference of adjacent drivelines may be amplified when they have the opposite phases. Hence, in our simulation and experiment, the smallest separation is set as 3 mm [17] , [18] .
B. THE FIELD CONFINEMENT TRANSMISSION LINE
In order to suppress the coupling between adjacent TLs, one of the potential schemes is to enhance the field confinement of the transmission line. Recently, SSPP transmission line is proposed to support the SPP-like mode, which has the feature of field enhancement and has been proved to be able to suppress the coupling in the frequency band of microwave [16] , [19] - [22] . Though the SSPP TLs have VOLUME 7, 2019 very good performance, as aforementioned, the separation between adjacent lines and the thickness of dielectric substrates should be carefully designed and chosen. Also, MEMS is driven by broadband signals in real applications, such as square wave signals. More importantly, the low-frequency components in such signals are always larger than the highfrequency components. Therefore, the existing design cannot be directly used in our case. Hence, our design and experiment are focused on a new kind of single-strip SPP transmission line.
As shown in Fig. 1(a) , we designed a SSPPs-based multichannel TLs, which are composed of corrugated metallic strips printed on a dielectric substrate. The distance between two adjacent SPP transmission lines is designed to be equal to Dis, which is the distance between two microstrip (MS) lines and is shown in Fig. 1(b) . Geometric parameters of the SSPP structure are denoted in Fig. 1(c) and Fig. 1(d) including the groove depth d, groove width a, strip thickness tm, period p, width w. Such a plasmonic waveguide supports the surface wave mode with dispersion relation as
where k x and k 0 = ω/c are wave vectors along the propagation direction (x-direction here) and in free space, respectively. ω is the angular frequency of incident wave, and c is the velocity of the light line. α T represents the decay constant along the tangential direction (y-or z-direction here). It is easy to understand that a larger k x results in a higher α T , indicating stronger field confinement and lower mutual coupling between neighboring TLs. The dispersion diagrams of a microstrip line, a grounded single-strip SSPP-based transmission line and a nongrounded single-strip SSPP-based transmission line are shown in Fig. 2(a) . Here, the period p = 3 mm, groove width a = 1.5 mm, groove depth d = 2.5 mm, width of the SSPP-based transmission line w = 5 mm (equal to the width of the SSPP-based transmission line) and the thicknesses of the metal strip and the ground tm = tg = 0.07 mm. The dielectric substrate with a thickness td = 1.575 mm is Rogers RT5880, whose relative permittivity ε r is 2.2 and loss tangent tanδ is 0.0009. The dispersion curves were obtained through a full-wave simulation with the Eigen-mode solver carried out by the commercial software CST Microwave Studio. In this simulation, the loss of metals and dielectrics is ignored. According to a previous research [16] , ignoring the loss would only produce a tiny blue shift on the dispersion spectrum and negligible influence on the shape of the dispersion curve, which, on the other hand, can greatly simplify the Eigen-mode simulation, and reduce the calculation time. It is observed that the dispersion curve of the non-grounded single-strip SSPP-based transmission line has a cross-point with that of the microstrip line. Below the frequency at the cross-point (fc), the non-grounded SSPP-based transmission line has a smaller wave number than that of the microstrip line, and therefore has lower transmission loss [15] . Above fc, the non-grounded SSPP-based transmission line has a larger wave number and therefore leads to lower mutual coupling [16] . In contrast, the dispersion curve of the grounded SSPP-based transmission line is always on the right of the microstrip line, indicating better performance in terms of mutual coupling in the whole pass-band. One of the most important advantages of the SSPPs is that its dispersion curve can be arbitrarily controlled by changing the geometrical parameters, which can be utilized to achieve wavenumber matching between two TLs. Here, we show this feature in Fig. 2(b) . In our simulations, the parameters in Fig. 2(b) are chosen to be the same as that in Fig. 2(a) except the groove depth d, which varies from 0 to 2.5 mm with a step of 0.5 mm. In Fig. 2(b) , we can clearly observe that, the dispersion curves of SSPP-based TLs with different groove depths gradually deviate from the light line and the microstrip line, as the frequency increases and then asymptotically approaches different cutoff frequencies, which is similar to natural SPPs and indicates stronger field confinement.
Next, we tested mutual coupling when the distances between eight grounded SSPP-based TLs and eight microstrip lines are reduced to sub-wavelength scale. The reason why we chose eight lines is that the design of 8 parallel drive lines is common for the real applications of MEMS antenna arrays.
Numerical simulation was conducted by the time domain solver of the commercial software of CST Microwave Studio, where 16 ports were defined, as shown in Fig. 3 . Note that a conversion section, which is composed of gradient corrugated strips as presented in [23] , is inserted between the SSPP-based transmission line and the feeding port for impedance and momentum matching. Meanwhile, based on the coupled mode theory [15] , the transmitted power ratio (T ) and the coupling power ratio (C) of adjacent waveguide systems can be expressed analytically as
where L is the coupling length of the waveguide, α is the imaginary part of the propagation constant, and κ is the frequency-dependent coupling coefficient written as [15] 
in which, n and n 0 are the refractive indices of the surrounding medium and the plasmonic waveguide, respectively. E jt and E jn (j = 1, 2) are the normalized transverse and longitudinal electric fields in TLs j, respectively. From (2), it is observed that the coupling of TLs is caused by the overlap of the electric fields in two adjacent waveguides. Hence it is possible to suppress the crosstalk between two TLs using the excellent feature of field confinement of SSPPs. Meanwhile, since the strongest coupling occurs between adjacent TLs, without loss of generality, we only cared about the coupling power ratio from port 4 to port 13. In fact, it is noted that the far-end crosstalk becomes the main crosstalk in our case, because this case can be considered as weak coupling for distances larger than 3 mm. On the other hand, in a communication system, the near-end crosstalk affects the matched state of adjacent channels. However, in our drive line system, only the far-end signal form is important. Hence, we focus our experiment and simulation on the far-end crosstalk. clearly demonstrate that the mutual coupling between two SSPP-based TLs is much lower than that of the two microstrip lines, when the separation Dis varies in a sub-wavelength scale from 3 mm to 10 mm. Furthermore, the simulated and measured S-parameters are directly compared between these two kinds of TLs in Fig. 5(c) and (d), respectively. It is observed that the coupling coefficient of the SSPPs-based TLs maintains lower than that of the microstrip (MS) TLs, even though the separation is reduced to 3 mm (1/10 λ 0 at 10 GHz). In contrast, the transmission of the MS line decreases significantly with the same separation. Moreover, the figures also show that the coupling are comparable for these two kinds of TLs, and the SPP transmission line performs better at frequencies lower than the cut-off frequency. This figure, in addition, indicates that the modeling and configuration of multi-ports are reasonable.
Moreover, it is clear that the transmission and coupling of the adjacent drivelines are relative with the coupling length L. Hence, in order to verify the appropriation of our design, the simulated coupling frequency spectrum diagrams of the two samples with different coupling lengths are also investigated VOLUME 7, 2019 in Fig. 6 . Form this figure, it is clear that the coupling of the SSPPs TLs is smaller than that of MS for all coupling lengths, which means that the SSPPs driveline can be applied to applications with different lengths.
In order to verify our work experimentally, we fabricated SSPPs-based and microstrip driveline arrays, as shown in Fig. 3 . Meanwhile, the matching load and the coaxial line used in the experiment, and the parameters of these two samples are the same as those of the above simulation model. The separation is chosen as 5 mm, considering the width of SMA connectors.
In the experiment, an Agilent vector network analyzer (VNA, E8364C) was used to obtain the reflection, transmission and coupling coefficients of the samples. In order to connect drivelines with the VNA, 16 standard SMA connectors are used to connect the 16 ports of the sample. The photographs of the real testing equipment (VNA, E8364C) are illustrated in Fig. 4 .The measured transmission and coupling coefficients of the two kinds of drive lines are illustrated in Fig. 5(d) , which are in good agreement with the simulation results. Due to the fact that the system is linear, we were able to measure the transmission, reflection and coupling of different ports in turn. In the measurement, the extra ports are connected to matching loads to minimize the effect of them. In Fig. 5(d) , it is clearly observed that the coupling between the SSPPs-based TLs is about 10 dB smaller than that of the microstrip lines from 5 GHz to 15 GHz, which implies that the coupling between microstrip TLs is 10 times stronger than that of SSPPs TLs. Meanwhile, the transmission coefficients of the SSPPs-based TLs and the microstrip TLs are almost the same in the whole passband. The transmission capabilities of the microstrip TLs and the SSPPs TLs are both weaker than the simulated results, which may result from the extra loss of the dielectric substrate, the connectors or the welding discontinuity. On the other hand, the difference at the lower frequency maybe caused by the convergence precision of the time domain solver of the CST microwave studio. In a word, the simultaneous difference between the simulation and experiment for both MS and spoof SPP TLs does not affect the qualitative conclusion on the effect of coupling suppression because the performance deterioration is mainly led by some general causes rather than properties of the kind of TLs. Finally, to show a visualized result, we measured the output transmission and the coupling time domain signals, as shown in Fig. 7 . In this case, the input signal was set as a step signal with a 2 ns rising edge, and the total input power was set as 1 W. Here, the reason why we did not set the voltage is that the voltage was affected by the reflection wave in the driveline. In this figure, it is clearly observed that, the peak of the coupling signal level can be significantly reduced in the SSPPs-based TLs, compared to that in the microstrip TLs, which implies that the proposed SSPPs-based structure can reduce the peak coupling voltage level of MEMS to avoid incorrect operation.
III. CONCLUSION
In this paper, we have presented a significantly improved scheme for mutual coupling suppression by a grounded single-strip SSPP-based transmission line. Simulated and experimental results indicate that the mutual coupling effect between two SSPP-based TLs can be significant reduced without any other coupling suppression circuits, thanks to the strong field confinement and localization of the SSPPs. Hence, we may have a potential solution to the signal crosstalk in compact circuits. Moreover, the proposed SSPPsbased TLs are suitable for the driveline of the MEMS switch array, because they are able to suppress the coupling to avoid damages and distortion in switches.
